This review presents a broad overview of phosphorylation and signalling in plants. Much of the work of my group in plants focuses on understanding the mechanisms that regulate the production of carbon and nitrogen metabolites in leaves; in this review, I will discuss nitrate, which is one of the most important of these inorganic nutrients. I also detail how protein phosphorylation in plant cells is altered in response to the presence of reactive oxygen species.
Introduction
This review focuses on phosphorylation and signalling in plants. It takes quite a broad overview of the subject, but, within that, highlights topics that are current research interests in my lab and those that are relevant to animal systems as well.
There is a very close relationship between signalling in plants and photosynthesis. Photosynthesis is, of course, a very important mechanism: it provides the assimilates that are necessary for plant growth, and therefore also provides the food and fibre that supports all animal life. It uses the energy of sunlight to fix carbon dioxide from the atmosphere, reducing and assimilating the carbon in carbon dioxide into carbohydrate, and releasing oxygen from water [1] . Leaves also release or transpire water, which is taken up from the roots via the xylem system along with the inorganic nutrients that are essential for plant growth. In this review I will focus on nitrate, which is one of the most important of these inorganic nutrients.
Plants receive much of the nitrogen they need during their growth periods from nitrate in the soil. The exceptions are, of course, the leguminous plants, which are able to 'fix' nitrogen from the air. In non-legumes, nitrogen is primarily delivered to mature leaves in the form of nitrate. The majority of this nitrate is first reduced to ammonia and then incorporated into amino acids using carbon skeletons derived from photosynthesis. The amino acids that are formed along with sugars (particularly sucrose) as products of photosynthesis are then loaded into the phloem of the plant and delivered to other organs, such as fruits, roots and developing meristems. These transport mechanisms provide the link between photosynthesis and plant growth.
Regulation of carbon and nitrogen metabolism in plants
Much of the work of my group on carbon and nitrogen metabolism in plants focuses on understanding the mechanisms that regulate the production of these metabolites in leaves. One of the most important of these is protein phosphorylation (see Figure 1 for a simplified depiction of phosphorylation in a model leaf mesophyll showing a single chloroplast). Phosphorylation plays a very important role in co-ordinating the compartmentalization of metabolism between the cytoplasm and the chloroplasts. Carbon dioxide is 'fixed' in the chloroplasts, using enzymes of the reductive pentose phosphate pathway. The chloroplasts are also the site of starch synthesis and deposition, but sucrose is synthesized only in the cytoplasm. Therefore intermediates from the pentose phosphate pathway are released from the chloroplasts in the form of triose phosphates for sucrose biosynthesis. The enzyme SPS (sucrose phosphate synthase; Figure 1 ) is an important control point in this pathway. The activity of this enzyme is reversibly modulated by phosphorylation in response to light/dark signals. When a leaf is in the dark and photosynthesis is not occurring, SPS is phosphorylated at Ser-158, which converts the enzyme into a low-activity form. At this time, the supply of carbon for sucrose synthesis is low, and the carbon that is available comes almost completely from starch mobilization. In contrast, under light conditions, the enzyme is in its more active dephosphorylated form. Thus phosphorylation co-ordinates the synchronization of the synthesis of sucrose from intermediates, which are products of photosynthesis, with the availability of those intermediates.
The pathway through which nitrates are assimilated also involves both the chloroplast and the cytoplasm. It starts with the reduction of nitrate to nitrite, catalysed by the enzyme nitrate reductase; this nitrite is reduced further to ammonia within the chloroplast. This, also, is a strongly light-stimulated process in leaves, since nitrite reductase uses reduced ferredoxin, which is generated photochemically, as an electron carrier. Ammonia is incorporated into amino acids, which are exported from the cell and transported through the phloem to heterotrophic organs (i.e. such of the organs of the plant that cannot photosynthesize and that therefore require organic compounds for nutrition). In order to avoid an accumulation of toxic nitrites it is critical that their production is also modulated by light. This modulation also involves phosphorylation, and also, similarly, the phosphorylated form of nitrite reductase is inactive (and is therefore the form that is present in the dark) and the dephosphorylated form is active. The phosphorylation site is again a serine residue, which we identified as Ser-543 in spinach leaf nitrate reductase [2] . Unlike in the case of SPS, however, phosphorylation alone has no effect on the enzyme. Rather, phosphorylation completes the formation of a binding site for an inhibitor protein, which can then bind to form an inactive complex. This inhibitor protein is a member of a family known as 14-3-3 proteins [3] . Nitrate reductase was one of the first proteins discovered to bind to these proteins. It has subsequently been demonstrated that 14-3-3 proteins are signalling proteins that bind to phosphorylated serine and threonine residues and that interact with a variety of other proteins (sometimes known as 'client' proteins) in both plants and animals [4] .
One of the other protein families that contains proteins that are now known to interact with 14-3-3 proteins is the family of receptor kinases. This is a very large family found in both animals and plants; the Arabidopsis genome, for example, contains over 600 such kinases. A large majority of these are orphan receptors with no known ligand. One of the better known plant receptor kinases, however, is a protein known as BRI1 (BRASSINOSTEROID-INSENSITIVE 1), which is involved in brassinosteroid signalling [5] . Brassinosteroids are essential plant growth regulators. BRI1 is highly phosphorylated, with more than 15 potential autophosphorylation sites within the cytoplasmic kinase domain, and, interestingly, these sites seem to have different functions. We have been identifying the location and function of these sites [6] , and have recently discovered that 14-3-3 proteins bind to the BRI1 signalling complexes and may affect both their activity and stability (M.-H. Oh and S.C. Huber, unpublished work). One of the downstream effects of BRI1 complex formation is an increase in the levels of metabolic enzymes, including nitrate reductase. We hope that we will be able to understand fully the role of phosphorylation in complex formation and ultimately be able to manipulate these regulators and control brassinosteroid sensitivity within plants. This is known to affect, for example, plant growth and yield, and the response of the plant to stress.
The 14-3-3 protein family
Proteins in the 14-3-3 family are highly conserved in terms of both their sequences and their structures. The structure of a 14-3-3 protein from tobacco was solved by Claudia protein that are important in regulation. The smaller circle on the left identifies 'loop 8', which is thought to be the cation-binding site and is located between helices 8 and 9. The larger red circle denotes the C-terminal polypeptide, which is sufficiently disordered that it does not appear in structures. However, the C-terminus is thought to be an autoinhibitor that plays a role in cation activation and may also contribute to isoform specificity.
Oecking's group in the Max-Planck Institute for Molecular Physiology in Dortmund, Germany [7] , and was found to be very similar to those of human 14-3-3 proteins. These proteins are all-α bundles, and are dimers in their native form, with the N-terminus of each domain forming the dimer interface ( Figure 2 ). They bind phosphorylated proteins in the cleft between the subunits, generally binding to simple motifs involving phosphorylated serine or threonine residues (pS or pT), most often either RSXpS/pTXP or RXXXpS/pTXP (where 'X' represents any residue) [8] . These short motifs are obviously very common, and most animal and plant cells will probably contain about 100 different protein products that may interact with 14-3-3 proteins. They are known to play a very broad role in regulation, and the binding of the 14-3-3 protein to its 'client' is controlled and influenced by other factors, such as, for example, its localization within the cell.
Both SPS and nitrate reductase, then, are in their inactive form in the dark, so the leaves produce the sucrose that the plant needs from the breakdown of starch reserves. When the leaves are illuminated there is, obviously, an increase in photosynthesis, in sucrose production and in nitrate reduction. When light is removed, again the reduction in nitrate reductase activity is much faster than that in SPS activity. The inactive form of nitrate reductase is phosphorylated and bound to its 14-3-3 inhibitor protein. The regulatory phosphorylation site lies within a region of the protein known as hinge 1, which holds together two redox-active domains in the protein. This domain is critically involved in regulation of the enzyme by post-translational modification.
Early on in the studies of this system it was determined that magnesium ions were required in order to maintain nitrate reductase in its inactive state, and that enzyme activity was restored in the dark if the magnesium was chelated. There are still several theories about the role of the magnesium. We favour the idea that it stimulates the binding of the 14-3-3 protein to phosphorylated nitrate reductase [9] . Evidence for this comes from surface plasmon resonance experiments, where magnesium ions were found to stimulate binding of 14-3-3 proteins to an immobilized phosphopeptide taken from the nitrate reductase binding site [10] . There is also a dramatic increase in nitrate reductase binding to immobilized 14-3-3 proteins in the presence of magnesium. We have also proved that there is no absolute requirement for magnesium, or even for a divalent cation: 14-3-3 inhibitors also become active on addition of calcium or manganese, or the polyamine spermine (which has four positive charges), indicating that the binding site must be flexible [11] . Spermine is active at micromolar concentrations, whereas the metal cations become active only at millimolar concentrations. Interestingly, both of these are in line with the concentrations that are found in vivo. Site-directed mutagenesis and other experiments have indicated that the cation-binding site on the 14-3-3 proteins is likely to be a highly negatively charged loop between helices 8 and 9 of the nine α-helices that make up this protein's fold. In one Arabidopsis 14-3-3 protein, a mutant in which the glutamate at position 208 had been replaced by alanine was found to be active as an inhibitor without cations present, although it became more active still when they were added [11] . The sequence of this loop region has some superficial similarities with that of an EF-hand, which is, of course, also a cation-binding motif. Inhibitor binding can be stimulated in the absence of cations by low pH.
We now believe that the ability of 14-3-3 proteins to interact with nitrate reductase requires a conformational change. In the absence of cations, we believe that the Cterminal polypeptide of this protein lies within the phosphopeptide-binding groove, forming an inactive 'closed' conformation and so functioning as an auto-inhibitor. Much of the cation sensitivity is removed if this C-terminal tail is truncated. This region of the protein is hypervariable, with different isoforms having significant differences in length and sequence; some are thought to contain a tenth α-helix [12] . This variation may be responsible for isoform specificity. The 14-3-3 proteins bind a wide variety of client proteins, but the cation dependence of these interactions is variable [13] . In some cases, 14-3-3 binding is inhibited as much as it is to nitrate reductase, but in others cations hardly affect binding at all. However, in all cases we measured, we found that the inhibitory effect of magnesium was positively correlated with that of spermine. Therefore all cations seem to affect the same set of protein interactions, suggesting that, as cation concentration changes in vivo in response to, for example, development or stress, the propensity of 14-3-3 proteins to bind to different targets will also change. 
Oxidative signalling in plant cells
Protein phosphorylation in plant cells is also altered in response to the presence of ROS (reactive oxygen species). These are produced in many compartments of plant cells in response to the hormones that regulate normal plant growth and development, as well as various biotic and abiotic stresses (Figure 3 ; [14] ). We do not yet fully understand how the signals that derive from ROS are sensed and transduced. Receptors that are specific for ROS have not yet been observed. It is likely that a large amount of ROS sensing and response is based on post-translational protein modification. Cysteine residues are known to be extremely sensitive to mild oxidation. A number of proteins that play a role in oxidative signalling, including redox-sensitive transcription factors and metabolic enzymes, have reactive cysteines in their active sites and are inactivated by cysteine oxidation [15] . However, methionine residues are also susceptible to oxidation, possibly even more so than cysteines, and our recent work demonstrates that oxidation of methionine residues within phosphorylation motifs may impact on protein phosphorylation.
The methionine side chain is very hydrophobic in its reduced form. Mild oxidation converts it reversibly into the much more polar sulfoxide (MetSO). This modification is repaired by peptide methionine sulfoxide reductases, but plant and animal cells in the steady state will always contain some MetSO residues. Stronger oxidation results in an irreversible conversion into the sulfone (MetO 2 ) that can only be repaired by protein degradation. It is possible that this propensity for methionine residues to oxidize may be exploited in response to signalling by ROS. The canonical serine/threonine phosphorylation motif, which is found in both SPS and nitrate reductase, contains a conserved arginine residue at the −3 position and a large, hydrophobic residue at the −5 position. If either of these residues is replaced by alanine, the phosphorylation site is hardly recognized. Methionine is one of the hydrophobic residues that are often found at position −5 of this site, and we are now investigating whether the oxidation of a methionine at this position, which decreases its hydrophobicity, will also affect phosphorylation. If it does, it is likely to cause an altered physiological response, although this may be reduced by overexpression of repair enzymes. This may have application in animal systems as well, since many kinase motifs found in animal systems -including AMPK, CaMKI, CDK2, Chk1, Erk1, ATM and NIMA kinases -contain either conserved methionine residues or conserved hydrophobic positions where methionine is one of the allowed residues (Figure 4 ; see http://www.hprd.org/protein/06879/ serine motifs). Given that ROS increase in aging and disease, it is possible that response to methionine oxidation may play a role in these processes. This also underlines the similarities between phosphorylation and signalling in the plant and animal kingdoms.
